Microbial fuel cells (MFCs) are emerging energy harvesters that are promising for the autonomous supply of remote sensors on the seabed. The low voltage delivered by the MFC's, a few 100mV, imposes an electrical interface to boost the latter to the sensor's needs.
A 50µW Microbial Fuel Cell Isolated Energy Harvesting
Interface Based On Air Coupled Inductors
INTRODUCTION
During the last two decades, there has been a growing interest in making sensor nodes autonomous. Scavenging ambient energy seems to be a promising solution, offering a sustainable, eco-friendly alternative/complement to chemical batteries [1] . Thus, harvesting solar [2, 3] , vibrational [4, 5] , or thermal [6, 7] energies has been widely studied as they seem to be in most cases the greatest sources of energy. However, in some very particular places exhibiting unusual and harsh conditions, such as deep ocean floors, these energies are insufficient to power a sensor. Indeed, sunlight cannot reach these floors, and vibration and thermal gradients can be considered unusual.
In order to supply deep-sea floors sensors, new harvesting technologies, microbial fuel cells (MFC's) which require no light, thermal gradient or vibration, have been investigated. In fact, MFC's only require waste materials to produce energy. MFC's power can be generated from the oxidation of organic matter by bacteria, hence enabling the conversion of chemical energy from a large range of carbonate substrates (such as oolitic aragonite, coral skeletons, or crushed marble) into useful electrical energy [8, 9] . The main drawbacks of MFCs are their poor generated power density (around 5µW/cm²) and the extremely low potential generated (below 0.7V) which is in most cases insufficient to be in the operating voltage range of a sensor node.
First, it was proposed to use a boost converter in discontinuous mode in order to both maximize the power extracted from the MFC while increasing the output voltage [10, 11] . The use of a flyback converter has also been investigated in the literature, as it creates a galvanic isolation between the MFC and the sensor [12] . This Flyback topology also has the advantage of allowing the use of multiple separated harvesters: a single secondary coil could be used with many primary coils, each connected to a single MFC. This also allows MFC's to be in parallel/series in order to maximize the extracted power [13] .
The main flyback losses observed in previous work [14] were due to magnetic losses in the magnetic core, which drastically limited the harvested power. However, in this paper, we propose a new Flyback converter based on a coreless coupled coil, which could potentially lead to less magnetic losses and thus a higher efficiency. This could also allow the switching frequency boundary, imposed by the saturation and hysteresis, not to be constrained. However, using a coreless transformer leads to new challenges that need to be tackled. For example, due to the absence of a core, the air transformer is several orders of magnitude less inductive than its magnetic counterpart (with an equal surface). Thus, in order to achieve a more inductive transformer, the coil sizes have to be increased by an order of magnitude. However, in the MFC energy harvesting context, since the reaction has low kinetics, relatively larger compounds are needed, reducing the size constraint generally imposed. The lower coupling end magnetic losses, and the higher coil radius all in all lead to new optimization constraints, which are investigated in this paper. The final structure is presented in Figure 1 . It depicts the benthic MFC (BMFC) supplying the sensor and its transmitter thanks to the proposed coreless electrical harvesting interface.
Figure 1. Principle of the system studied
In the first part, we discuss the MFC models, and also how to maximize the extracted power thanks to the Flyback converter. In the second part, we introduce the coreless transformer models as well as a loss analysis. Thanks to this modeling part, we have been able to numerically determine the optimal parameters for our coreless transformer. In the third part, we attempt to experimentally validate the theoretical models, using two coreless converters.
Potential improvements as well as the future of coreless-based converters are discussed in the final part.
HARVESTING SYSTEM MODEL AND ANALYSIS

The BMFC
Figure 2. The BMFC, operation principle and prototype
Among the estimated existing 10 million bacterial species, some are electro-active. These can thus oxidize organic material and so create an electron flux that can be channeled to harvest the energy produced. In the case of the BMFC, as shown in Figure 2 the sediment acts as a membrane, the cathode reduces the oxygen into water and the anode located in the sediment is oxidizes the organic material acetate into bicarbonate. The theoretical potential of the cell formed is 1.1 Volts. However the measured open-circuit potential is generally 0.7V. This difference is due to fluctuation in the concentration around the electrodes and also parasitic reactions. The static behavior of the BMFC has been studied in [9] . Its characterization requires much time since each working point needs to be characterized after one hour, when the cell reaches its steady state. It has been proven that there is a large voltage range where the behavior of the BMFC can be assimilated with a voltage source = 0.6V) in series with a resistance . If the cell is less than 1 m² the BMFC resistance R can be estimated by R 2.6/S , where S is the electrodes surface in m². As a result, to simplify the testing process and modeling, the equivalent model will be used to emulate the fuel cell behavior. Based on these considerations, we can conclude that the maximum power extracted from a MFC can accurately be given by (1) . The associated working point is called the maximum power point (MPP) shown on Figure 3 and is reached when the output voltage of the cell is equal to half of the open circuit BMFC voltage.
• .
/ ²] (1) To work at the MPP and adapt the voltage to the load, as shown on Figure 3 , a converter is needed. Two efficiencies are hence defined, as depicted on Figure 1 . First, , the extraction efficiency is maximized when the input voltage of the converter, !" , is fixed at the optimal extraction voltage # $ . Second, %&'( represents the converter and is thus not linked to the BMFC. %&'( is maximized when the converter losses are minimized. In most cases, we would like to maximize the output power for a given input power, which consists in maximizing the product × %&'( .
Flyback converter in discontinuous mode
The asynchronous flyback converter was chosen, as it allows the voltage to be boosted while maintaining an isolation between the primary and secondary coils. The voltage is adjusted in order to be sufficiently high to supply a sensor and its transmitter, whereas the isolation allows the cells to be in series or parallel. Associating several cells allows the output voltage and power to be boosted while maintaining a reasonable electrode size. Such a configuration would also allow a deficient cell to be removed while keeping the others at their maximum power point.
The converter shown in Figure 4 . is composed of a FET transistor, diode and two coupled coils {* + ,* }. In order to simplify the implementation phase as well as the model, the same number of turns is used for the two coils, and no snubbers were added to this system ( * + * *). Furthermore, , -' is added in order to supply the current peaks required by the converter that would induce losses in the BMFC [15] and variation of the cell voltage. , &.
allows energy to be stored and the load to be supplied. !" and /01 are sufficiently decoupled to be considered static. The driver of the transistor is supplied by the output capacitor , &. .
When many cells are connected in series/parallel configurations, one secondary /01+ supplies all the drivers. A cold start is out of the scope of this circuit but some circuits have already been shown to solve start-up issues at a few 100's of mV [16] [17] . 
Converter structure
During the initial phase, 2 + as shown on Figure 5 , the transistor is closed and the energy is thus stored in the coupled coils. The current passing through the primary * + increases. Then during the second phase 2 , the transistor is opened. The stored energy is then released through the only way out, i.e. the secondary inductor * . When all the energy has been released, the diode ensures that the energy stored in , &. returns into the coupled coils. The voltage difference is compensated by the continuity of the current within an inductor, and the voltage across the transformer will increase until all the energy can be discharged. To calculate the losses in this converter, the average and root mean square currents passing through the elements need to be calculated. 
Current and voltage waveforms within the flyback converter
During the first phase, the current will rise to its maximum, which is expressed by:
where D is the duty cycle and : the switching frequency of the flyback. The average and root mean square of the current passing through the primary can then be calculated as:
During the phase 2 , as we have a unitary transformation factor (* + * D, the peak current will be the same in * + and * , therefore 4 +EF 4 EF . Knowing that * will be discharged in , &. , G can be expressed as:
The average and root mean square of the current passing through the primary can then be calculated as:
The impedance seen by the fuel cell can be calculated using the average current absorbed by the primary, and then expressed as:
4 +F(N 9 2*:
During all our analyses and experiments, the duty cycle is always be set to work at the MPPT.
The latter can then be expressed as:
Air-coupled coils
Conventionally, magnetic material is used for the core of a transformer in order to increase the magnetic permeability of the space used for the magnetic field. The latter allows the coupling, inductivity and since it channels the magnetic flux, the electromagnetic compatibility and interference of the system to be increased. However, such a core may saturate and produce hysteresis losses, created by the movement of the domain walls within the material and eddy current losses due to the conductivity of the core. It is difficult to take these losses into account but they can be characterized by the magnetization curve. In previous work described in [18] , we highlighted the substantial losses created by the magnetic core. To completely eliminate them, the present work will use an air-core transformer. On the seabed, the BMFC surface is around a few 10's of cm² and is working far from other electronic components. Therefore, the space used as well as the electromagnetic compatibility are of minor importance, leading to the possibility that would not be realizable in another context. The substantial area required for the electrodes can be wisely used for the transformer. However, as shown in Figure 6 , cuts need to be made within the electrode so as to avoid the potential losses created by eddy currents.
Previous work was done with a flyback working with a PCB printed air-core transformer [19] ,
whereas the work presented here is done with decades larger transformers. 
Design of the converter
In order to design the transformer, we replaced the elements by their simplified models, see figure 7 . The behavior is simulated with analytical equations so as to dimension the transformer.
The previously established equations (2) to (9) for the currents are modified by the resistivity of the elements. However, as long as equation (10) is respected, we consider that the current waveforms are not significantly modified. 
The equivalent model of the transformer is based on the one given in [20] . The capacitances , S+ and , S are created by the parasitic coupling between the windings. These are charged and during their cycles, the average power lost during one cycle can be calculated as T6U6 : • , U1 + , U2 D • K#L + GD 2 + 48 2 D
The leakage inductors * V+ and * V are created by the magnetic flux generated by one coil that does not pass through the second one. The latter stores the energy which is wasted. The resistivity of the transformer also causes losses. Finally, the total losses produced by the transformer can be expressed as: 
where Y FZFN is the power loss due to the leakage current of the diode.
It is important to note that when ] V ≪ G where G is the recovery time, it is not necessary to take into account this phenomenon. However, for other cases at high frequency, this phenomenon can create significant losses and in several cases, justifies the use of snubbers.
Finally, if we also take into account the losses in the fuel cell, we can calculate the maximum achievable output power as;
&.
-' − W-&W − E& − F' V& − %FSF (15) As the driver is supplied by the output, the losses generated by the transistor command, due to the consecutive charge and discharge of the transistor's gate capacitance, should also be taken into account. They can be expressed as; TQ 6APX , J? • TQ 6AP 2 : (16) where , N is the equivalent gate capacitance of the FET. Finally the system has been simulated with Spice equivalent models given by the manufacturer and results fit the aforementioned equations..
Calculation of the model of the air coupled coils.
In order to design the converter, the electric model of the transformer can be calculated analytically. Circular loops are used as this allows the highest quality factor. As explained in [21] , the inductivity of a circular loop can be approximated using:
where R is the average radius of the loops, N the number of turns, e-the wire radius and _` the magnetic permeability of the middle 1.26 µH/m for the air and water.
The resistivity + and of the transformer coils can be expressed as;
As the distance between the coils is negligible compared to the coil diameter, the coupling is very difficult to approximate analytically. Therefore, based on previous characterizations, the coupling k has been empirically fixed at 0.95. * V-and * E can then be calculated as * V-1 − iD* -and * E iM* + * .
The parasitic capacitance between the wires is almost impossible to estimate analytically as it depends on the wire position, and cross-section, and the thickness of the isolation layer. As these significantly impact the losses, the capacitances were overestimated by considering them proportional to the number of turns N and also that the wires have square cross-section. Finally, these capacitances can be estimated as:
where Lℎ -& is the insulation thickness between the wires. At the desired working frequencies, these wires do not have a significant effect, and therefore, the proposed model does not take into account the skin and current-crowding effect in the transformer. Indeed, these phenomena simply cannot be estimated analytically.
Model of the active components
The transistor gate driver is supplied by the output capacitance , &. and so the FET transistor has to have a threshold voltage lower than 2V. In order to minimize the losses created by the active components, a transistor with a subsequently low gate capacitance was chosen. The drain to source on-state resistance appears to be a less significant criterion as the losses are mainly created by the transistor command. Based on this, an FDV301N was chosen. In addition, based on the datasheet [22] , we determined that , N =9.5pF and W &' 4 Ω. The on-state resistivity of the diode appears to be much less significant than the diode threshold voltage, and consequently a BAT54 was chosen. This allows us to have =240mV, W =5.6 Ω, , W-& 10Up
and a leakage current of 0.05 µA [23] .
Simulation
Now that we can calculate each element of the converter, the effect of the transformer design can be defined. For each design, the optimal frequency : &S was chosen in order to maximize the end-to-end efficiency of the flyback, with an upper limit of 7 kHz so as not to be affected by the recovery time, parasitic coupling and the skin effect within the transformer. In order to design the air-coupled coils the effect of the number of turns and radius was simulated.
In order to understand the behavior, as shown in Figure 8 , a clear distinction was made between the conductivity losses due to W &' , W , , + , and the capacitive and inductive losses created by the charge and discharge of , S+ , , S , , W-& , , W , , N and * V+ , * V , which are proportional to the frequency. At a given frequency, too few turns would decrease the inductivity. As a consequence, this would increase the current peak given by (2) and raise the root means square value of the currents calculated with (4) and (7) , increasing the conductivity.
On the contrary, too many turns and the resistivity of the transformer wires given by (18) as well as the capacitances , S+ and , S , given by (19) would increase with the losses they produce. Increasing the frequency allows the root mean square values of the currents to be decreased and, as a consequence, reduce the conductivity losses, but at the cost of raising the capacitive losses. As shown on Figure 9 , for a radius of 0.3m, the optimal design appears to be 17 turns. This transformer will henceforth be called #17. 
Simulation of the transformer design
Thanks to the above model, the losses can be analyzed closely. Based on transformer #17, we can determine the effect of varying different parameters. For instance, reducing the radius of the wire by a factor of 5 only decreases the power transferred by 0.03 µW. Also, using a coupling of 0.97 instead of 0.955 allows us to transmit 3.5 µW. In addition, by designing the transformer with particular care, for example, twisting the primary and secondary, the coupling can be increased, which thus significantly improves the harvested power. This coupling can also potentially be improved with a single-turn transformer. One with a radius of 5.5m should allow us to transfer the same amount of power with a coupling of 0.99. Therefore, a second prototype called #1 was also made to validate the model accuracy. Number of turns N Based on the developed optimization algorithm, transformers #17 and #1 have been realized and characterized. The results are given in Table 1 . Contrary to the expected performance, the 1-turn transformer did not exhibit a higher coupling. The experimental setup used in order to realize the measurements is shown in Figure 10 . The experiment was done with a 20 cm² MFC mimicked by a Thevenin generator V vw 0.6 , R 1.3 kΩ). Theoretically, the maximum power calculated using (1) , is equal to 69.2 µW. With transformer #1 and a 2 V output voltage, 24 µW was transferred at 7kHz whereas with transformer #17, 43.2 µW was transferred at 5 kHz. The global efficiency achieved is 60 % which, for the same input voltage, is close to the 70% achieved by the BQ25570 of Texas instrument which in addition does not provide any isolation. Our previous work, presented in [14] , achieved 71% efficiency with a core transformer. However, as explained extensively in the next section, the coreless converter can be subsequently improved with an optimal design of the active components. These results match the model behavior with less than 1% and 7% error for transformer #17 and #1, respectively. 
Experimental setup with transformer #17
As seen in Table I , the coreless transformer # 17, the magnetizing inductor value is 28 times lower and the leakage inductor value 200 times greater than the one with a magnetic core. On the one hand, as the magnetizing inductor value is substantially lower at the same frequency, a much smaller duty cycle is used. The current peaks given by (1) are then significantly increased from 1.2mA for the transformer with a magnetic core to 6.2mA for the coupled coils. In addition, the conduction losses are significantly increased as the winding is 3.5 times more resistive and so the RMS current is 2 times higher. Theoretically, these losses increase from 0.6µW for a classical transformer to 3.8µW for the coupled coils. On the other hand, the latter completely remove the magnetic core losses. The current passing through the coupled coils is not limited by the saturation of the magnetic material, and thus the surface of the MFC can be increased without having to adapt the transformer. As the duty cycle is extremely low (< 10%), a transformer with multiple primary coils and only one secondary one can be used. Such a structure would substantially minimize the number of components and copper used. A comparison given in Figure 11 of the previous work and this, allows us to see that the losses have been transferred from the transformer to the active components. Figure 7 ) which is four times lower, would increase the power transmitted by up to 3 µW. The resistivity of the diode can be reduced by adding another diode in parallel at the cost of doubling the parasitic capacitance and the leakage current. As a consequence, the optimal working frequency for the whole system is decreased when diodes are added. The same strategy could be applied to the transistor. For example, using several transistors in parallel would decrease the W &' at the cost of increasing the capacitive losses generated by the latter. The effects of this have been simulated, and the numerical results are given in 
#17_1=1FET/1diode, #17_2= 4FETs/5diodes, #17_3= 10FETs/10diodes
As can be seen in Figure 12 , the experimental setup #17_1 can be greatly improved by adding several diodes and FET's in parallel. With this procedure, the optimal frequency decreases as it allows fewer conduction losses at the cost of increasing the capacitive losses.
With such a structure, a gain of 6µW can be obtained. As shown in Figures 13 and 15 , the capacitive losses increase with the frequency and number of diodes and FET's placed in parallel. However, having several active elements in parallel allows the conduction losses to be decreased at the cost of increasing the leakage current of the equivalent diode. Changing the active components therefore allows more freedom in transformer design, and potentially better performance. New technologies and specifically designed components may possibly substantially decrease the conduction losses they produce without affecting the capacitive losses, thus allowing the use of smaller magnetizing inductances, and at the same time decreasing the conduction losses as well as the capacitive ones generated by the transformer.
By integrating the driving circuit and the active components, the latter can be specifically chosen to maximize the harvested power. Figure 14 .
Effect of the number of reactive components in parallel on the power harvested with air coupled coils #1
As transformer #1 is 9 times less inductive than #17, its RMS current is significant, leading to important conduction losses in the passive elements. By parallelizing the active components and using 5 diodes and 4 FET's a substantial gain of 16 µW can be achieved. The latter can also be achieved by selecting other components, taking the lowest possible for the diode and then optimizing the conduction and capacitive losses generated. The same logic should be apply to select a transistor that exhibits a threshold voltage below 2V. Obviously, the optimal transformer design as well as the optimal working frequency are linked with the active components chosen. The use of an air-core allows the magnetic losses and saturation constraint to be removed.
Our prototype achieves 60% efficiency for an output power of 43 µW. Simulations have proven that this result can be improved by up to 50µW by changing the active components. The proposed converter can subsequently be improved by a global optimization taking into account the active components as well as the transformer, while keeping in mind that the optimal choice of one component is substantially affected by the others. Further research has now to be done regarding the magnetic field interactions with sea water.
